Over the last 30 years, aquaculture has become the fastest growing form of agriculture production in the world, but its development has been hampered by a diverse range of pathogenic viruses. During the last decade, a large number of viruses from aquatic animals have been identified, and more than 100 viral genomes have been sequenced and genetically characterized. These advances are leading to better understanding about antiviral mechanisms and the types of interaction occurring between aquatic viruses and their hosts. Here, based on our research experience of more than 20 years, we review the wealth of genetic and genomic information from studies on a diverse range of aquatic viruses, including iridoviruses, herpesviruses, reoviruses, and rhabdoviruses, and outline some major advances in our understanding of virus-host interactions in animals used in aquaculture.
Aquaculture has become the fastest and most efficient agricultural production industry in the world over the last three decades, and China is believed to be a major contributor to it [1] [2] [3] . According to official figures, the production of aquatic products has reached 61.72 million tons, with the 45.6 million tons from aquaculture accounting for 73.9% of the total produced [4] . Over the last 20 years, China's aquaculture output has accounted for about 2/3 of the total global aquaculture production [5] . However, viral diseases, which have been frequently reported in aquaculture animals, have hampered aquaculture development [6] [7] [8] . Concurrently, a natural decline in populations of aquatic vertebrates, especially the global decline or extinction events seen with some frogs and amphibians, have been reported by ecologists; hence, the question "why are all the frogs 'croaking'?" has been asked [9] [10] [11] . To help resolve these problems, researchers have looked for and identified a large number of diverse pathogenic viruses in aquaculture and natural aquatic animals including iridoviruses, herpesviruses, reoviruses and rhabdoviruses; these pathogenic iridoviruses have been found to be the cause of epizootic diseases in aquaculture animals and the global decline of amphibian populations [12] [13] [14] [15] . In the last 10 years especially, more than 100 viral genomes have been genetically characterized via the rapid advances in genome sequencing technologies [16] [17] [18] [19] . These advances have enabled great progress to be made in understanding the mechanisms underlying interactions between viruses and their aquatic host animals [19] . Here, we review recent progress in the genomic and genetic characterization of some important pathogenic viruses, such as iridoviruses, herpesviruses, reoviruses, and rhabdoviruses, and virus-host interactions in aquaculture animals.
Iridoviruses and their genomes
Iridoviruses (family Iridoviridae) comprise the following five genera: Ranavirus, Lymphocystivirus, Megalocytivirus, Iridovirus and Chloriridovirus. The genomes of this family of viruses generally contain a single molecule of double-stranded DNA [19, 20] . Ranavirus, Lymphocystivirus and Megalocytivirus infect more than 140 species of aquatic vertebrates including fish, amphibians and reptiles, and cause high mortality in aquaculture and problems with wildlife conservation [19] [20] [21] . For example, lymphocystis disease virus (LCDV), has been identified as the causative agent of lymphocystis disease in more than 100 different seawater and freshwater fish species [22, 23] . In particular, diverse ranaviruses (genus Ranavirus) have been reported to infect about 70 amphibian species from at least 14 families, more than 100 fish species and dozens of reptiles; hence, some experts believe that ranaviruses infect not only frogs but also numerous different aquatic vertebrates, and are, therefore, promiscuous pathogens of cold-blooded vertebrates [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
In total, 22 genomes from Ranavirus, Lymphocystivirus and Megalocytivirus have been completely sequenced; the smallest (105 kb) is that of the tiger frog virus (TFV), while the largest (186 kb) belongs to the Chinese strain of LCDV (LCDV-C) ( Table 1) . 
Ranaviruses and their genomes
The following 13 ranavirus genomes have been completely sequenced: (i) Frog virus 3 is a species of the genus Ranavirus. Frog virus 3 infection results in considerable morbidity and mortality in a wide range of wild and cultivated amphibian species [32] [33] [34] [35] .
(ii) European sheatfish virus is a fish ranavirus isolated from moribund sheatfish (Silurus glanis) fry [36] . (iii) Epizootic hematopoietic necrosis virus is a fish ranavirus that causes serious hematopoietic necrosis in redfin perch and rainbow trout, resulting in serious economic losses in aquaculture and severe decline in wild populations of these fish [37] . (iv) Rana grylio virus (RGV). RGV, a ranavirus isolated from China, causes systemic hemorrhagic disease with a high mortality rate in frogs. It is also a model system for molecular characterization of ranaviruses [38] [39] [40] [41] [42] [43] . (v) Ambystoma tigrinum virus is a lethal ranavirus originally isolated from Sonora tiger salamanders in southern Arizona, USA [44, 45] . (vi) Singapore grouper iridovirus is a fish ranavirus isolated from a diseased grouper in Singapore [46, 47] . (vii) Soft-shelled turtle iridovirus is a reptile ranavirus that causes viral disease in cultured soft-shelled turtles [48] . (viii) Grouper iridovirus is a fish ranavirus isolated from the spleen tissues of a diseased yellow grouper [49] . (ix) TFV is a frog ranavirus isolated from diseased tiger frogs [50] . (x) Common midwife toad ranavirus is a toad ranavirus responsible for an outbreak of a systemic hemorrhagic disease that caused high mortality in toads from northern Spain [51] . (xi) Andrias davidianus ranavirus (ADRV), the first sequenced ranavirus, is associated with high mortality in Chinese giant salamanders [52] . This ranavirus causes high mortality in wild and farmed Chinese giant salamanders [52, 53] . (xii) ADRV-2, another ranavirus strain isolated from Chinese giant salamanders after ADRV, shares a high level genome identity with ADRV [54] . (xiii) Finally, the Chinese giant salamander iridovirus, which is another ADRV, is the third sequenced ADRV strain [55] .
Based on their genome sizes, gene contents and phylogenetic analyses, the sequenced ranaviruses (Table 1) have been divided into two subgroups: the amphibian subgroup and the fish subgroup. The amphibian subgroup includes ADRV, Common midwife toad ranavirus, RGV, Frog virus 3, TFV, and Ambystoma tigrinum virus, while the fish subgroup comprises Epizootic hematopoietic necrosis virus, European sheatfish virus, Grouper iridovirus, and Singapore grouper iridovirus [52] . From extensive analysis of the genome architectures and major genes of this diverse array of ranaviruses (especially ADRV and RGV genomes), we have proposed a hypothetical evolutionary model for ADRV [52] . In this model, ADRV is proposed to emerge (with its current genome) from a common ancestor of the amphibian ranavirus subgroup through changes in its genome architecture and variations in some of its major virulence-related genes (Figure 1 ). This hypothesis is based on the architectural changes observed in current ranavirus genomes; these include segment inversion, fragment insertion and deletion, and several variations in major genes, such as high diversification in two duplicate genes encoding the US22 family-like proteins, truncated domains in the virulence-related gene encoding vIF2α, and the appearance of novel genes with nuclear localization signal and nuclear export signal motifs [52] . Therefore, our current model provides possible routes leading to evolutionary genetic change and crossspecies transmission mechanisms in this diverse range of ranaviruses.
LCDV genomes
LCDVs (genus Lymphocystivirus) cause lymphocystis disease in marine and freshwater fish. The genomes of two LCDVs, LCDV-1 and LCDV-C have been completely sequenced. LCDV-1, which infects plaice and flounder, was isolated from the propagated cell lines of bluegill and centrarchid fish in 1966 [32] [33] [34] [35] and had its genome completely sequenced in 1997 [22] . LCDV-C was originally iso- [23, 43, 57] . The LCDV-C genome remains the largest among all known vertebrate iridoviruses sequenced thus far (Table 1) .
It is worth mentioning that LCDV-C is listed as a typical Iridoviridae strain in the "Virus Taxonomy Ninth Report" by the International Committee on Taxonomy of Viruses [20] . LCDV-C genomic data can be used as a reference resource for identifying other LCDVs and iridoviruses and for performing gene function analyses. This resource will enable virologists to explore the genetic characteristics of these large DNA viruses. In addition, several novel emerging LCDVs, such as LCDV-PF from the paradise fish Macropodus opercularis [58] , and GLCDV, which was isolated from cultured grouper [59] , have been identified.
Megalocytivirus genomes
To date, seven megalocytiviruses have been subjected to complete genome sequencing: (i) Infectious spleen and kidney necrosis virus-a megalocytivirus causing high mortality in mandarin fish-is characterized by cell hypertrophy in the spleen, kidney, cranial connective tissue and endocardium of this fish [60] . (ii) Red sea bream iridovirus is a piscine iridovirus that causes an acute and highly contagious disease in Red sea bream from Japan and Korea [61] . (iii) Rock bream iridovirus is a megalocytivirus that occurs in cultured rock bream from Korea [62] . (iv) Large yellow croaker iridovirus is a megalocytivirus causing gill paleness, liver congestion, spleen and kidney hypertrophy in cultured large croaker [63] . (v) Turbot reddish body iridovirus is a megalocytivirus that causes serious systemic diseases with high mortality in cultured turbot [64] . (vi) Orange-spotted grouper iridovirus is the causative agent of serious systemic diseases with high mortality in the cultured orange-spotted grouper [65] . (vii) Lastly, rock bream iridovirus isolated from China, is a megalocytivirus that caused a severe disease epidemic in Chinese farmed rock bream [66] .
Iridoviruses of the Ranavirus and Lymphocystivirus genera have broadly similar genome sizes and potential gene contents as iridoviruses of the Megalocytivirus genus; their genome sizes range from 110 to 113 kb, while their potential number of genes range from 115 to 124 (Table 1 ).
Important core genes and their functions in iridoviruses
Gene annotation and comparative genomic analysis have confirmed there are 26 core genes in iridoviruses [67] . Extensive comparisons of these important core genes has provided evidence for cross-species transmission in these iridoviruses, especially for the ranaviruses [68, 69] . Moreover, some important genes encoding enzymes, structural proteins and immune-related proteins, such as the RGV 3β-hydroxysteroid dehydrogenase gene (RGV 3β-HSD) [70] and the RGV deoxyuridine triphosphatase gene (RGV dUTPase) [71] , have been characterized and functionally analyzed. LCDV-C thymidylate synthase (LCDV-C TS) is able to promote cell cycle progression into S and G2/M phase. In comparison with control cells, TS-expressed cells have faster growth rates, and induce foci formation and anchorage-independent growth. These findings indicate that LCDV-C TS potentially exhibits the ability to transform cells (tumor formation) [72] .
RGV 53R is a core gene in iridoviruses, and encodes a viral envelope protein that plays an important role in virus assembly and infection [73, 74] . Recently, we have chosen RGV 53R as a target gene to construct a conditional lethal recombinant RGV (i53R-RGV-lacIO) containing the inducible lac repressor/operator system that can be regulated by IPTG, and have found that the 53R expression level, plaque formation ability and viral titers in i53R-RGV-lacIO are significantly reduced in the absence of IPTG. These results indicate that RGV 53R is not only essential for virus replication and assembly, but also contributes to virus infection and virion formation [75] . RGV 50L contains a nuclear localization signal and helix-extension-helix motif, and is an immediate-early gene. Immuno-fluorescence assays indicate that 50L expression occurs early during infection and persists in RGV-infected cells. RGV 50L exhibits a cytoplasm-nucleus-viromatrix distribution pattern and viromatrix distribution pattern, indicating that it encodes a structural protein, and plays an important role in viral assembly and life cycle [76] . RGV 2L is a core gene encoding an envelope protein. To investigate the role of 2L in viral infections, we constructed a conditional lethal mutant virus containing the lac repressor/operator system and dual fluorescent labeling. Significantly, when 2L expression is repressed, its plaque formation ability and virus titers were strongly reduced. Functional analysis indicates that the 2L protein is essential for iridovirus infection and its study has provided new insights into iridovirus envelope proteins [77] .
Besides the controllable recombinant virus technique mentioned above [77] , gene knockout methodology has been also used to investigate gene function in iridoviruses [78] . Expression inhibition of a structural protein gene and RNA polymerase gene by morpholino knockdown or gene-specific silencing has been observed to cause a significant reduction in the yield of virus progeny [79, 80] . Additionally, analysis of gene expression timing and infection pathways have been undertaken in iridovirus using transcriptomics [81] . For example, transcriptional analysis of TFV infection (along with other approaches) has revealed that TFV entry into HepG2 cells occurs via a pH-dependent, atypical, caveola-mediated endocytosis pathway [82] . Also, miRNAs have been recently found to have a significant impact on interactions between iridoviruses and their host aquaculture animals [83] ; indeed, some miRNAs may me-diate viral evasion [84] .
Aquareovirus genomes
All members of the virus Reoviridae family are nonenveloped, and their genomes are composed of multiple (10, 11, or 12) [20] .
Reoviruses that infect aquaculture fish belong to the Aquareovirus genus, and their genomes generally contain 11 segments of linear double-stranded RNA [85, 86] . At least 15 reovirus genomes have been completely sequenced (Table 2). Of these, 11 reoviruses are different isolates from cultured grass carp obtained in various years and from different regions [85, [87] [88] [89] [90] [91] [92] ; the other four reoviruses were isolated from cultured golden shiner, chum salmon, Atlantic salmon (Piscine reovirus), and turbot (Scophthalmus maximus reovirus), respectively [93] [94] [95] .
Recently, our laboratory analyzed and compared the complete genome sequences and major core protein sequences of various grass carp reoviruses (GCRV), and this revealed significant genetic diversity among them [87, 90] . GCRV can be divided into three groups. Most of them cluster into the first major group; these viruses are not cytopathic and contain a fiber-like protein. GCRV members of the second group are cytopathic and possess a fusionassociated small transmembrane (FAST) protein. GCRV 104, a lone member of the third group, is also cytopathic and has a fiber-like protein. However, the various genotypes are not associated with their regional distributions [90] . Therefore, more studies on the evolutionary and geographical relationships between genomic diversity and reovirus transmission should be performed on grass carp reoviruses. Scophthalmus maximus reovirus, a novel reovirus isolated from marine fish, contains a FAST protein translated from a non-AUG start site that has been shown to partially contribute to the cytopathic effect caused by infection with this virus [94] . As a new reovirus equally related to members of the Orthoreovirus and Aquareovirus genera, Piscine reovirus, which is linked to heart and skeletal muscle inflammation in farmed Atlantic salmon (Salmo salar L.), has been suggested by whole genome comparisons to be more closely related to orthoreoviruses and, therefore, a new species of the Orthoreovirus genus [96] . Genome comparisons show that Piscine reovirus contains 10 genomic segments (not 11 as in all recognized aquareoviruses) and an outer-fiber protein that is present in most members of the Orthoreovirus genus [96, 97] . Moreover, phylogenetic evidence of long distance dispersal and transmission has been revealed by comparing the protein coding sequences S1, S2 and S4 in Piscine reovirus genomic segments between farmed and wild Atlantic salmon [98] . As an ideal model system for studying the cell entry mechanism used by nonenveloped viruses, single-particle cryo-electron microscopy has been used to observe the 3.3 Å structure of the primed, infectious subvirion GCRV particle, thereby providing structural insight into the coupling of virion assembly [99, 100] . Additionally, new insight into the mechanisms of viral factory formation and pathogenesis of aquareoviruses has been acquired from functional studies on aquareoviral genes where NS80, a nonstructural protein of fish reovirus, has been confirmed to be crucial for recruiting viral components to form aquareoviral factories [101] .
Rhabdovirus genomes
Rhabdoviruses are a group of enveloped, single-stranded, negative-sense RNA viruses. The Rhabdoviridae family includes the following nine genera: Cytorhabdovirus, Ephemerovirus, Lyssavirus, Novirhabdovirus, Nucleorhabdovirus, Perhabdovirus, Sigmavirus, Tibrovirus and Vesiculovirus [20] . All known fish rhabdoviruses have been assigned to the following three genera: Vesiculovirus, Novirhabdovirus and Perhabdovirus [102, 103] .
Fish rhabdoviruses can cause severe hemorrhagic septicemia in freshwater and marine fish. In the last 10 years, virologists isolated and identified the following rhabdoviruses from aquaculture fish: Siniperca chuatsi rhabdovirus [104] , Scophthalmus maximus rhabdovirus [105, 106] , Paralichthys olivaceus rhabdovirus [107] , Monopterus albus rhabdovirus [108] , snakehead rhabdovirus [109, 110] , Hirame rhabdovirus [111] , and pike fry rhabdovirus [112] . Spring viremia of carp virus (SVCV), an earlier identified rhabdovirus, causes infectious hemorrhagic septicemia in common carp (Cyprinus carpio) [102, 113] . Perch rhabdovirus causes lethal hemorrhagic disease in different farmed species of perch, bass, grayling and trout [114, 115] . Viral hemorrhagic septicemia virus (VHSV) and infectious haematopoietic necrosis virus (IHNV) are two typical rhabdoviruses of the Novirhabdovirus genus. VHSV is a viral pathogen affecting both wild and cultured fish worldwide; infected species include salmon, trout, cod, herring, sole, catfish, pike, turbot, and flounder, among others [115] . IHNV causes severe losses to the salmon fish industry in the USA and Canada, and many other countries in Asia and Europe [18] .
IHNV is the first fish rhabdovirus that has had its complete genome sequenced [116] . Currently, more than 100 fish rhabdovirus genomes have been completely sequenced, and over 80 of them are from different VHSV isolates or strains (Table 3) . Fish rhabdovirus genomes are negative-sense, single-stranded RNA molecules, and their sizes range from 11 to 16 kb. In fish rhabdoviruses of the Vesiculovirus genus, such as SVCV, pike fry rhabdovirus, Siniperca chuatsi rhabdovirus, and Scophthalmus maximus rhabdovirus, their genomes encode the following five proteins: nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and RNA-dependent RNA polymerase (L) in the order 3′-N-P-M-G-L-5′, whereas in fish rhabdoviruses of the Novirhabdovirus genus, such as VHSV, IHNV, Hirame rhabdovirus, snakehead rhabdovirus and Paralichthys olivaceus rhabdovirus, their genomes encode the following six proteins: N, P, M, G, non-virion protein (NV), and L, in the order 3′-N-P-M-G-NV-L-5′. In comparison with Vesiculovirus genus members, novirhabdoviruses possess an additional NV gene [107] .
Because of their small genomes, short generation times and rapid mutation rates, fish rhabdoviruses, especially VHSV and IHNV, have been extensively used to analyze their evolutionary patterns, genetic diversity and biogeography of the numerous variants. Pierce and Stepien [117] evaluated the phylogenetic and biogeographic relationships of various VHSV isolates by comparing their corresponding genomic sequences, and depicted an evolutionary history of relatively rapid population diversifications in star-like patterns, following a quasispecies model. Furthermore, He et al. [118] applied the Bayesian coalescent method to the time-stamped entire coding sequences of each VHSV gene. Through age calculations on six genes, the first bifurcation event of the isolates they analyzed was estimated to have occurred within the last 300 years. Additionally, comprehensive phylogenetic analyses have been performed by comparing the corresponding gene sequences of worldwide VHSV or IHNV isolates [114, 119, 120] .
In fish rhabdoviruses of the Vesiculovirus genus, SVCV genomes, which can be classified into different clades and genogroups, have been described as possessing high levels of diversity and plasticity [121, 122] . Recently, Xiao et al. [123] performed recombination analysis of all known complete SVCV genomic sequences, and found evidence of homologous recombination in these genomes. This finding sheds light on recombination and the evolutionary process in various isolates of fish rhabdoviruses.
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Herpesvirus genomes
Herpesviruses are enveloped viruses containing large, double-stranded, linear DNA genomes. They are host-specific pathogens, and are wide spread among vertebrates such as mammals, birds, amphibians and fish [126] . After two new virus families, namely, Alloherpesviridae (incorporating fish and frog herpesviruses) and Malacoherpesviridae (containing mollusks) were recognized in 2009, the Herpesvirales order includes the following three families: Herpesviridae (containing mammals and birds), Alloherpesviridae, and Malacoherpesviridae. The Alloherpesviridae family is divided into the following four genera: Batrachovirus, Cyprinivirus, Ictalurivirus, and Salmonivirus [20] . The Cyprinivirus genus contains four species: three of them, cyprinid herpesvirus 1 (CyHV-1), cyprinid herpesvirus 2 (CyHV-2), and cyprinid herpesvirus 3 (CyHV-3), are associated with common carp or goldfish, while one of them, anguillid herpesvirus 1 (AngHV1), is associated with freshwater eels [127, 128] . Cyprinid herpesviruses have been reported to cause serious mortality in common carp and crucian carp [129] . CyHV-1 is the cause of carp pox, CyHV-3 is fatal in carp and koi fish, and CyHV-2 is the etiological agent of herpesviral hematopoietic necrosis disease in common carp, goldfish, crucian carp, and gibel carp [130] . Through use of bioluminescence imaging, the skin covering a fish's fins and body has been shown to be the major port of entry for cyprinid herpesviruses [131] . Tissue culture and RT-PCR testing results indicate that herpesviruses may become latent in leukocytes and other tissues following a primary infection, and that they can be reactivated from latency by temperature stress [132] . Recently, B cells have been identified as a major site where CyHV-3 can become latent [133] .
CyHV-3 has been observed to cause significant morbidity and mortality in koi and common carp. The pathological signs include epidermal abrasions, excess mucus production, necrosis of gills and internal organs, and lethargy. CyHV-3 propagates well in the intestines and kidneys, and high numbers of infectious viruses can be observed in the droppings of infected fish [134] . Several primary culture cell lines can be used to propagate cyprinid herpesviruses and for isolating these etiologic agents of disease [135] .
So far, the complete genomes of 11 herpesviruses have been sequenced from aquatic animals, nine of which are members of the Alloherpesviridae family, while two are members of the Malacoherpesviridae family. The genomes of these herpesviruses range in size from about 134.2 kb for the smallest (Ictalurid herpesvirus 1) to about 295.2 kb for the largest (Koi herpesvirus-J); their potential numbers of genes range from 77 to 163 (Table 4) .
The complete genome sequences of five cyprinid herpesviruses, the diseases of which are fatal in common carp, koi carp, goldfish, crucian carp, and gibel carp [130] have been reported. These genomes are characterized by a unique region flanked at each terminus by a sizeable direct repeat. About 120 orthologous genes are shared by these cyprinid herpesviruses, and 55 of them also share sequence conser- vation with AngHV1 of the Cyprinivirus genus. Significantly, only 12 genes were found to be conserved convincingly in all the sequenced alloherpesviruses [136] [137] [138] . Ictalurid herpesvirus 1 is the type species of the Ictalurivirus genus, and is the first fish herpesvirus for which the complete genome is known [139] . AngHV1 also frequently causes fatal disease in freshwater eels. After complete genome sequencing [140] and deep-sequencing of the AngHV1 transcriptome [141] were finalized, a genomewide transcription analysis was performed using reverse transcription quantitative PCR, and a temporal regulation fashion similar to mammalian herpesviruses was observed in this fish herpesvirus [142] .
Chelonid herpesvirus 5 is closely related to fibropapillomatosis, a neoplastic disease of marine turtles. Its genomic sequence has been shown to be largely collinear with the genomes of typical alphaherpesviruses [143] . In addition, the complete genome sequence of the acute viral necrosis virus, which belongs to the Malacoherpesviridae family, has also been reported recently [144] .
In recent years, after cyprinid herpesvirus disease became widely reported in the world, (especially in China) [145] [146] [147] , numerous studies on cyprinid herpesviruses and identification of immune-related genes have been conducted [148] [149] [150] . It is envisaged, therefore, that new insight and better understanding of these cyprinid herpesviruses will emerge and lead to efficient antiviral approaches being developed in the near future.
Virus-host interactions in aquatic animals
The diverse viruses discussed above are serious pathogens of aquatic animals, especially those used in aquaculture. To understand their pathogenetic mechanisms and thereby provide protective strategies again them, some significant experimental methods and high-throughput technologies such as transcriptomics and proteomics have been recently used to gain better knowledge of these viruses and their hosts. Such studies have greatly expanded our knowledge about the innate and acquired immune systems of aquatic animals [151] [152] [153] [154] [155] . In China especially, comparative immunological studies of aquaculture animals have flourished over the last 10 years, financial support for research in this area has increased, and progress in this field has been reported in several reviews [156] [157] [158] [159] [160] [161] [162] . Figure 2 is a schematic diagram outlining the interactions occurring between the diverse range of viruses discussed herein and their aquatic hosts. The diagram also shows how innate and acquired immunity, as well as related factors such as physical barriers, operate in aquaculture animals under attack by pathogenic viruses.
As shown in Figure 2 , when viruses, such as iridoviruses, herpesviruses, reoviruses, or rhabdoviruses attempt to enter a host cell, they first meet physical barriers on the skin and interact with a continuous layer of mucus and the complex regulatory networks that control skin immunity [163] [164] [165] [166] . After such viruses pass the first line of defense and enter the host cell, the infected cell immediately initiates a series of innate immune responses; these include an inflammatory response, complement system activation, interferon production, induction of antiviral reactions, cell apoptosis, and innate immune cell responses from macrophages, neutrophils, dendritic cells, natural killer and other immune cells that prevent viral replication and inhibit virus propagation [153, 156, 167] . Subsequently or concurrently, acquired (adaptive) immune responses, such as thymus-derived T lymphocyte activation, specific immunoglobulins (IgT or IgZ), polymeric Ig receptor production, and differential cytokine network activation, amongst others, enables collaboration between the cellular and humoral immune systems leading to destruction of the invading viruses [168] [169] [170] [171] . Additionally, some aquatic viruses have developed immune evasion mechanisms and strategies to combat host immune systems through IFN suppression and apoptosis inhibition; such viruses have increased pathogenicity and have acquired the ability to cross species barriers in their transmission [153, 167, 172] .
Conclusion and outlook
Over the last decade, a large number of diverse pathogenic viruses, such as iridoviruses, herpesviruses, reoviruses, and rhabdoviruses, have been identified from aquaculture and natural aquatic animals, and many of their genomes have been completely sequenced. Comparative genomic and phylogenetic analyses have provided new insight into the origins of these viruses, as well as the different routes that have led to genetic change and evolutionary processes, and cross-species transmission mechanisms. Additionally, functional studies on genes have yielded crucial information about viral factory formation and pathogenesis in these viruses. Along with their genome architectures and genetic characterization, the interactions between these viruses and their aquatic animal hosts have become an important focus in aquaculture. Finally, significant progress has been made in understanding the following: (i) the molecular mechanisms underlying virus-host interactions [173] [174] [175] [176] , (ii) innate antiviral immune responses in fish, and (iii) gene identification in the fish interferon system [177] [178] [179] . Armed with this knowledge, it is hoped that new drugs and strategies to protect aquaculture animals against pathogenic viruses will be developed in the near future.
